Dermatomycoses are very common infections caused mainly by dermatophytes. Scytalidiosis is a differential mycological diagnosis, especially in tropical and subtropical areas. Since a culture-based diagnosis takes 2 to 3 weeks, we set up a PCR-restriction fragment length polymorphism (RFLP) method for rapid discrimination of these fungi in clinical samples. The hypervariable V4 domain of the small ribosomal subunit 18S gene was chosen as the target for PCR. The corresponding sequences from 19 fungal species (9 dermatophytes, 2 Scytalidium species, 6 other filamentous fungi, and 2 yeasts) were obtained from databases or were determined in the laboratory. Sequences were aligned to design primers for dermatophyte-specific PCR and to identify digestion sites for RFLP analysis. The reliability of PCR-RFLP for the diagnosis of dermatomycosis was assessed on fungal cultures and on specimens from patients with suspected dermatomycosis. Two sets of primers preferentially amplified fungal DNA from dermatophytes (DH1L and DH1R) or from Scytalidium spp. (DH2L and DH1R) relative to DNA from bacteria, yeasts, some other filamentous fungi, and humans. Digestion of PCR products with EaeI or BamHI discriminated between dermatophytes and Scytalidium species, as shown with cultures of 31 different fungal species. When clinical samples were tested by PCR-RFLP, blindly to mycological findings, the results of the two methods agreed for 74 of 75 samples. Dermatophytes and Scytalidium spp. can thus be readily discriminated by PCR-RFLP within 24 h. This method can be applied to clinical samples and is suited to rapid etiologic diagnosis and treatment selection for patients with dermatomycosis.
Dermatophytes, which belong to the genera Trichophyton, Microsporum, and Epidermophyton, are extremely widespread fungi that infect human skin, hair, and nails. They are responsible for most superficial fungal infections, causing 94.7% of cases of tinea pedis and 81.9% of cases of onychomycosis in the United States (13) . Scytalidium hyalinum and Scytalidium dimidiatum are molds responsible for skin lesions and onychomycoses, which mimic those due to Trichophyton rubrum. These infections are frequent in tropical and subtropical areas. For example, S. dimidiatum accounts for 39% of dermatomycoses in Thai soldiers, whereas dermatophytes account for only 5% (6) . In Gabon, S. dimidiatum was responsible for 34.2% of such cases, either alone or jointly with a dermatophyte or Candida albicans (14) .
Laboratory diagnosis of dermatomycosis is based on the demonstration of hyphae by direct microscopic examination of clinical samples, followed by species identification by culture. Microscopic examination is rapid, but it can be difficult to differentiate hyphae from dermatophytes or molds. Culture requires at least 2 to 3 weeks to obtain typical macroscopic and microscopic features for specific dermatophyte identification.
In rare cases, identification is hindered by the absence of specific macroscopic and microscopic characteristics; subculture on specific media is then required, further delaying the diagnosis by several weeks. Thus, a simple, rapid, and specific method able to confirm the presence or absence of dermatophytes or Scytalidium would be useful in choosing the appropriate treatment (Scytalidium spp. are resistant to most antifungal drugs). PCR is a candidate method, but its ability to discriminate between dermatophytes and other fungi that may be present on human skin remains to be demonstrated. In previous studies, Kappe et al. (12) and Bock et al. (2, 3) used a set of primers (TR1-TR2) that could amplify DNA from seven dermatophyte species but not DNA from several other fungi (mainly yeasts), plants, animals, or humans. These authors performed hybridization with probes specific for Candida albicans, Aspergillus fumigatus, or dermatophytes to confirm the specificity of the reaction. This PCR technique had limitations, since only seven dermatophyte species were studied. In addition, bioinformatic analysis of corresponding DNA sequences from data banks of various fungi indicated a high possibility of obtaining the 581-bp amplicon from the 18S gene when using the TR1-TR2 primers set with many nondermatophyte fungal species. We confirmed that these primers could amplify DNA from other common dermatophytes (Trichophyton soudanense, T. tonsurans, T. violaceum, and Microsporum canis) but also from nondermatophyte fungi (Scopulariopsis brevicaulis, S. hyalinum, S. dimidiatum, Aspergillus niger, A. fumigatus, and Trichosporon cutaneum) (data not shown).
This prompted us to develop a new molecular-biology-based approach combining two techniques. First, we used PCR amplification of the variable V4 region of 18S ribosomal DNA (rDNA), a method that can readily and preferentially amplify DNA of dermatophytes and Scytalidium spp. relative to other filamentous fungi and yeasts. Then, PCR amplicons were submitted to restriction fragment length polymorphism (RFLP) analysis to confirm the diagnosis and to differentiate dermatophytes from Scytalidium spp. The performance of this ribotyping method was assessed both experimentally and on samples from patients with dermatomycoses.
MATERIALS AND METHODS
Strain origins and fungal isolates. This study focused on fungi of medical importance in dermatology, i.e., dermatophytes, S. dimidiatum, and S. hyalinum, and several yeasts or other filamentous fungi. Nineteen fungal species were selected to set up the PCR and RFLP techniques (reference numbers at the Pasteur Institut Collection, Paris, France, are given in parentheses): T. rubrum (IP2537.00), T. mentagrophytes var. mentagrophytes (IP2538.00), T. Human samples. Seventy-five samples collected from patients with suspected dermatomycosis (9 hair, 37 skin, and 29 nail samples) were obtained from the Hôpital Saint-Louis mycology laboratory. Part of each sample was processed using classical mycological techniques, i.e., direct microscopic examination in black chlorazol solution, followed by culture for specific identification, and the remainder was tested by PCR-RFLP as described below, blindly vis-à-vis the results of mycological examinations.
Experimental design. The design of specific primers ( Fig. 1 ) comprised the following sequential steps: (i) analysis of target sequences (18S rDNA gene) in the literature and several databases; (ii) sequencing of the unknown V4 domains of five fungi; (iii) alignment of these sequences and selection of the most discriminatory primers for dermatophytes, Scytalidium and yeasts, and other contaminants; and (iv) identification and testing of fungus-specific polymorphic endonuclease sites within the V4 domain of pathogenic species.
Database consultation for 18S fungal DNA sequences. The Genome, Japan, Urbana, Ribosomal Project, and EMBL databases were consulted. We obtained specific information on the 19 selected fungal species, including representative and reference sequences of the small ribosomal subunit (V4 domain). When the available sequences were polymorphic or different for a given fungus, the consensus sequence was studied. When identical sequences were available for a given fungus, we selected a leader sequence. Each sequence was associated with a GenBank accession number ( Table 1 ). All of the sequences in FASTA format were aligned with the MULTALIGN program (4); homology was studied with the BLAST-N program (1), and restriction sites were identified with the CLUS-TER program.
DNA extraction. DNA from cultures was purified by using the sodium dodecyl sulfate (SDS) standard protocol followed by phenol-chloroform extraction (10) in the presence of 0.5 M KCl. The extract was then treated with RNase (Sigma, St. Louis, Mo.) for 30 min at 37°C and a final concentration of 10 g/ml. To eliminate SDS and black pigments from S. dimidiatum, which are known to be strong PCR inhibitors, we used potassium acetate buffer to precipitate the SDSprotein complexes and activated charcoal to eliminate the pigments (7, 15) .
DNA was extracted from clinical samples with three different procedures: (i) standard phenol-chloroform extraction; (ii) a Chelex 100 extraction technique (Bio-Rad, Hercules, Calif.) as described by Jung et al. (9); or (iii) the High-Pure-PCR-Template preparation kit (16) (Boehringer-Mannheim, Mannheim, Germany). The absence of contaminating RNA was checked by electrophoresis on ethidium bromide-agarose gel. DNA concentrations were determined with a Hoefer TKO 100 minifluorometer (Pharmacia Biotech, Orsay, France) using Hoechst 33258 fluorescent dye.
PCR. PCR was performed in a reaction mixture of 25 l containing 1.5 mM MgCl 2 , 50 M concentrations (each) of various deoxynucleoside triphosphates, 25 pmol of each primer, 1 U of Taq DNA polymerase (Eurogentec, Seraing, Belgium), and 25 ng of extracted DNA. Amplification conditions varied according to the primer set. One set of primers, FaL and FaR, was used to amplify and sequence the V4 domain of five fungi for which no data on this domain were available in the databases, namely, Scopulariopsis brevicaulis, S. dimidiatum, S. hyalinum, T. soudanense, and M. audouinii var. langeronii. The nucleotide structures were 5Ј-GTAATTCCAGCTCCAATAGCG-3Ј for FaL and 5ЈGTATCTG ATCGTCTTCGATC-3Ј for FaR (5Ј ends at positions 577 and 1006, respectively, according to the 18S rDNA sequence Z75578 of Saccharomyces cerevisiae [8] ). For these primers the PCR conditions consisted of denaturation for 3 min at 94°C, followed by 35 amplification cycles at 94°C for 1 min, 56°C for 1 min, and FIG. 1. Schematic representation of the small ribosomal subunit 18S gene. The hatched boxes correspond to the polymorphic region from V3 to V7. The black boxes correspond to the highly polymorphic region of V4 (nucleotides 679 to 690, 697 to 717, and 725 to 731 in Saccharomyces cerevisiae numbering). Primer locations: i) TR1 and TR2 primers, described by Bock et al. as dermatophyte specific (2, 3); FaR and FaL, used to sequence the V4 domain of T. soudanense, M. langeronii, Scopulariopsis brevicaulis, S. dimidiatum, and S. hyalinum; and DH1L-DH1R and DH2L-DH1R, used respectively to amplify dermatophytes and Scytalidium spp.
72°C for 1 min, and one final cycle at 72°C for 5 min. A second set of primers, DH1L and DH1R, was used for the specific dermatophyte identification protocol. The nucleotide structures were 5Ј-TGCACTGGTCCGGCTGGG-3Ј for DH1L and 5Ј-CGGCGGTCCTAGAAACCAAC-3Ј for DH1R (5Ј ends at positions 631 and 813 respectively, according to the 18S rDNA sequence X58570 of T. rubrum). A third primer set, DH2L and DH1R, was used for the specific identification of Scytalidium spp. The nucleotide structure of DH2L was 5Ј-TG TACTGGTCCGGCCGGG-3Ј (5Ј end at position 631 according to the 18S rDNA sequence X58570 of T. rubrum). The amplification conditions consisted of 3 min at 94°C; 30 cycles at 94°C for 1 min, 58°C for 1 min, and 72°C for 40 s; and one final cycle at 72°C for 5 min. Next, 5 l of PCR products was electrophoresed in 2% agarose gel in the presence of ethidium bromide and visualized under UV light.
Sequencing of PCR products. The FaR-FaL PCR products of Scopulariopsis brevicaulis, S. dimidiatum, S. hyalinum, T. soudanense, and M. audouinii var. langeronii were purified with Microcon 100 column (Amicon, Bedford, Mass.). The two strands of amplified DNA were sequenced using the PCR primers and the BigDye Terminator kit (Applied Biosystems) on an automated sequencer (Applied Biosystems 377XL).
RFLP analysis. DH1L-DH1R and DH2L-DH1R PCR products were digested with EaeI and BamHI, respectively (Boehringer-Mannheim) for 1 h at 37°C in a total volume of 20 l containing 5 l of the specific PCR product and 5 U of the enzyme. The digested samples were analyzed on 3.5% Nusieve BET-agarose electrophoresis gels (FMC Bioproducts, Rockland, Maine).
Nucleotide sequence accession numbers. The 18S sequences of S. Brevicaulis, S. dimidiatum, S. hyalinum, T. Soudanense, and M. audouinii var. langeronii were submitted to GenBank under accession numbers AF19557, AF204293, AF204294, AF195572, and AF194083, respectively.
RESULTS
DNA sequences of the V4 region. Most sequences of the fungal 18S ribosomal subunits available in databases are described as polymorphic variable regions, particularly the V4 domain, except for S. brevicaulis, S. dimidiatum, S. hyalinum, T. soudanense, and M. audouinii var. langeronii. For these fungi, we sequenced the relevant domain by using FaR and FaL as PCR and sequencing primers. The resulting original sequences were aligned with those of other organisms. S. dimidiatum and S. hyalinum had an identical V4 domain nucleotide structure. The nucleotide structural homology was 95.9% between the dermatophytes and the tested Scytalidium species. The percentage homology between dermatophytes, Scytalidium, and other fungal sequences (yeasts and other filamentous fungi in Table 1 ) was 83.1% (78.2% when S. cerevisiae and human 18S sequences were included).
PCR amplification of dermatophyte and Scytalidium DNA. Despite the higher sequence homology between dermatophytes, S. hyalinum, S. dimidiatum, yeasts, and other filamentous fungi in the V4 domain, two sets of primers were designed for preferential amplification of dermatophytes or Scytalidium spp. In the 5Ј end, the DH1L and DH2L primers are located in a highly polymorphic region of the V4 domain; in the 3Ј end, the DH1R primer is located in a semipolymorphic V4 region.
We first used these primers on DNA extracted from cultures of 19 different fungal species. DNA (25 ng) from all of the tested dermatophytes and Scytalidium was preferentially amplified with DH1L-DH1R and DH2L-DH1R, respectively, and PCR products had the expected size of 183 or 184 bp. Human and bacterial DNA were not amplified. However, the high sequence homology of the V4 domain among the fungi resulted in weak amplification of nondermatophyte fungi, A. fumigatus, A. niger, T. cutaneum, G. candidum, C. albicans, F. oxysporum, Acremonium sp., and S. brevicaulis. Each of these fungi yielded a faint band with both sets of primers, but they could nonetheless be clearly differentiated from the signal obtained with dermatophytes ( Fig. 2 and 3) . Elimination of PCR inhibitors by precipitation of SDS-protein complexes with potassium acetate and the use of activated charcoal to eliminate pigments from black fungi markedly improved the sensitivity, although the pigments were not fully eliminated.
RFLP analysis for specific discrimination. The DH1L-DH1R primer set was designed to inhibit the EaeI restriction site located at position 73 or 74 of the V4 domain of some nondermatophyte fungi, including Scytalidium spp., but not the EaeI restriction site present in all dermatophytes at position 113 or 114 of the V4 domain (Fig. 2) . EaeI digestion resulted in two fragments of different sizes (130 bp and 53 to 54 bp) with dermatophyte PCR products. The DH1L-DH1R PCR products of the nondermatophyte fungi A. fumigatus, A. niger, T. cutaneum, G. candidum, F. oxysporum, Acremonium sp., and Scopulariopsis brevicaulis, and also S. dimidiatum and S. hyalinum, were not digested by EaeI, since they do not possess a restriction site for this enzyme. DH2L-DH1R was designed to amplify a target region which contains one BamHI restriction site in Scytalidium spp. but no restriction site in dermatophytes and other fungi. With S. dimidiatum and S. hyalinum, BamHI digestion resulted in two bands of different sizes (150 and 34 bp) (Fig. 2) . As expected, a single nondigested band was ob- served with other fungi, including dermatophytes, since they do not contain a restriction site for this enzyme (Fig. 2) . The reproducibility of PCR-RFLP was examined in 50 repeat experiments performed on T. rubrum and S. dimidiatum. Each experiment yielded similar PCR and digestion patterns. strong signal with dermatophytes, S. dimidiatum, and S. hyalinum and a weak band with some other fungi (data not shown).
Assessment of PCR and PCR-RFLP with other fungal iso-
Before testing clinical samples, we examined three extraction procedures on a few selected skin, hair, and nail samples. The phenol-chloroform technique was successful but time-consuming; the Chelex 100 protocol was rapid and simple but unreliable because of the persistence of PCR inhibitors, requiring repeat PCR on diluted DNA samples. The High-Pure-PCR-Template preparation kit was less time-consuming and easier to use than the two other procedures; moreover, the DNA extracts did not contain PCR inhibitors. This technique was used to examine the 75 clinical samples. Each sample was tested in duplicate. Each run included T. rubrum (IP2537.00) and S. dimidiatum (IP1278.81) DNA as positive PCR controls and human DNA as the negative PCR control. As with fungal cultures, PCR-RFLP yielded typical patterns showing the presence or absence of dermatophytes and Scytalidium (Fig. 3) . The PCR-RFLP results agreed with those of classical mycological examination in 74 of 75 cases (99%) ( Table 2 ).
In one case of concurrent infection by S. dimidiatum and T. rubrum, PCR-RFLP failed to detect the Scytalidium sp. The small size of this nail sample prevented us from repeating the extraction step and the PCR analysis. We assessed one nail sample for the absence of Scytalidium spp. and dermatophytes, but we confirmed the presence of Fusarium or Acremonium sp. since EaeI digestion of the DH2L-DH1R product yielded 172-and 11-nt digests (data not shown), a pattern corresponding to the specific digestion site of these fungi. The culture approach identified F. oxysporum as responsible for the onychomycosis.
DISCUSSION
These results show that dermatophytes and Scytalidium spp. can be readily discriminated by PCR-RFLP and that this method is suitable for the routine diagnosis with clinical samples. Molecular biology techniques such as PCR combined with hybridization have already been used to distinguish some dermatophytes from A. fumigatus (12) or C. albicans (3), but they suffered from cross-reactivity with various filamentous fungi. This was probably due to the lack of information on dermatophyte genomes: until 1994, only the 18S sequence of T. rubrum was known. The marked increase in available fungal DNA sequences in recent years has facilitated new molecular approaches to the diagnosis of dermatophyte infections.
The first aim of our study was to identify new targets that can be used for specific amplification of dermatophytes and Scytalidium spp., with no cross-reactivity with other fungi or bacteria present on human skin. We focused on the V4 domain of the 18S ribosomal gene because of its high degree of polymorphism among fungal families and species (11) . Sequences of most fungi responsible for dermatomycoses and of bacterial and fungal contaminants were found in the databases or were sequenced (M. audounii var. langeronii, T. soudanense, Scopulariopsis brevicaulis, S. dimidiatum, and S. hyalinum).
A method based on PCR followed by RFLP was then developed to discriminate between dermatophytes and Scytalidium spp. The primers were designed to preferentially amplify dermatophyte DNA relative to other fungi with the DH1L-DH1R set and Scytalidium spp. with the DH2L-DH1R set. EaeI and BamHI were used to differentiate dermatophytes from Scytalidium and from other fungi, yielding the first molecular method for identifying Scytalidium spp. The reliability of our PCR-RFLP method was assessed on DNA extracted from cultures of 31 different fungal species. PCR-RFLP always gave the expected patterns and clearly distinguished between dermatophytes, Scytalidium spp., and other fungi. Results were reproducible on different isolates of the same species. Finally, the performance of PCR-RFLP was assessed on 75 clinical samples that were tested blindly vis-à-vis the results of myco- logical examination. Using the High-Pure-PCR-Template preparation kit, which was found to be the most reliable and most simple extraction technique, we obtained 99% agreement between the results of PCR-RFLP and mycological examination. There were no false-positive reactions with negative controls or samples contaminated by molds. Each case of singleagent infection by a dermatophyte or Scytalidium sp. was correctly identified, even in presence of other nonpathogenic yeasts or molds. We failed to detect Scytalidium in a nail sample coinfected by T. rubrum and S. dimidiatum. Crossinhibition of PCR was unlikely, since we used two different sets of primers. This negative result may be related to a very low degree of infection by Scytalidium and/or the small size of the sample.
Since accurate and rapid diagnosis of dermatomycosis can guide the treatment choice, our PCR-RFLP technique may provide significant clinical benefits. Differentiation of dermatophytes from Scytalidium spp. is crucial, since S. dimidiatum and S. hyalinum are not responsive to most antifungal drugs (5) . In classical mycological diagnosis, microscopic examination cannot differentiate between hyphae from dermatophytes and from Scytalidium spp., and culture requires at least 3 weeks for specific identification. This PCR-RFLP method offers the unique advantage of being directly applicable to clinical samples, discriminating dermatophytes from Scytalidium spp. within 24 h. Since this method is simple and reliable, it can be used in laboratories with no mycological specialization for rapid etiologic diagnosis and treatment selection.
